[1] We perform two-dimensional dynamic models of strike-slip faults with a change in strike (a bend) over multiple earthquake cycles to examine the long-term effects of nonplanar fault geometry. A viscoelastic model (a proxy for off-fault deformation and tectonic loading) is introduced for the interseismic process to avoid pathological stress buildup around the bend. A finite element method with an elastodynamic model is used to simulate dynamic earthquake ruptures. We find that stresses near the bend differ strongly from the regional stress field and that the fault develops a relatively steady state in which the stress level and the event pattern on the fault are stable. Reduced normal stress on the dilatational side and increased normal stress on the compressive side of the bend during dynamic ruptures result in the bend serving as an initiation and/or a termination point(s) for rupture. Typical events on such a fault consist of two classes: unilateral events that rupture only the favorable segment and bilateral events that rupture the favorable segment and part of or the entire unfavorable segment. In the latter class of events, a time delay in rupture around the bend results from a high yield stress on the compressive side of the bend. Other effects of the bent fault geometry include higher displacement on the inward wall than on the outward wall, higher slip on the more favorable segment than on the less favorable segment, and a large slip velocity on the compressive side of the bend.
Introduction
[2] Observations have shown that changes of fault strike can play an important role in the earthquake rupture process, and can result in slip heterogeneity on a fault. King and Nabelek [1985] reviewed eight earthquakes of M s larger than 5.7 that occurred worldwide between 1966 and 1984. In all cases, the earthquakes initiated and/or terminated around a fault bend. Some recent large earthquakes also demonstrate that a fault bend can act as a nucleation point or a termination point for earthquake rupture. For example, the 1995 Kobe, Japan, earthquake appeared to start at a junction of fault segments, and propagated bilaterally [Aochi et al., 2000] . The 1999 Izmit, Turkey, earthquake also appeared to terminate near a change in fault strike [Yagi and Kikuchi, 2000] . Acharya [1997] examined slip along the San Andreas Fault to explore the influence of a bend on slip distribution. He noticed that maximum slip in the 1906 and 1857 earthquakes occurred near (but not exactly colocated with) major changes in the fault strike.
[3] Using a static analysis, Andrews [1989] showed that slip in the neighborhood of a bend is reduced from the elliptical functional form expected for a planar fault. Nielsen and Knopoff [1998] examined the influence of nonplanar fault geometry on repeated seismic ruptures in a twodimensional (2-D) quasi-static model. They introduced an aseismic relaxation to avoid pathological stresses that would be accumulated around the bend over repeated ruptures. They found that three families of events can be identified on a fault with several widely separated bends. These families of events include small events clustering in the tension zones of the bends, intermediate size ruptures involving a single interbend segment, and large ruptures breaking through multiple bends.
[4] Dynamic models can provide insight into physical effects of nonplanar fault geometry on the earthquake rupture and slip process. For example, Harris et al. [1991] and Harris and Day [1993] simulated parallel fault segments with stepovers to explore fault interaction. They pointed out that a fully dynamic calculation is required to determine whether rupture can jump a stepover to cascade a larger event. Kame et al. [2003] studied dynamic fault branching and found that dynamic stresses around the rupture tip could initiate rupture on a branching fault. Bouchon and Streiff [1997] simulated dynamic rupture on a fault with a change in strike. They observed that the rupture velocity slows down and the amplitude of slip decreases when rupture propagates onto a segment that is unfavorably oriented with respect to the regional stress field. Aochi et al. [2000] simulated rupture propagation on a bent fault, and examined the effects on dynamic rupture propagation. They found that rupture is decelerated or arrested for some bend angles. In the above two dynamic models of a bent fault, the authors only simulated a single earthquake event, with a regional stress field resolved onto the two fault segments as the initial stress field. The effect of previous events on the stress distribution on the fault, which may affect dynamic process of a nonplanar fault, was not taken into account. Oglesby and Archuleta [2003] studied the dynamics of a thrust fault with a bend at depth. They found that a bend in the fault at depth may not be a significant factor for predication of peak ground motion from faults that intersect the surface of the Earth. They simulated several repeated earthquake events to examine effects of the previous events, but only used a simple and highly idealized scaling of the stresses between events.
[5] Simple kinematic arguments indicate that slip on one segment in earthquake rupture can induce an increase or a decrease in normal stress on a noncoplanar neighboring segment, especially around a fault bend. This variation in normal stress can make the stress field near the bend significantly different from the regional stress field. Thus, to examine the effects of a fault bend on earthquake dynamic rupture, the residual stress field from previous events must be taken into account. One possible way to achieve this goal is to run a multievent dynamic simulation and to examine dynamic events after the memory of an artificial initial stress field has faded. This idea motivates us to conduct the current study.
[6] As will be shown, the normal stress in the neighborhood of a bend builds up monotonically over multiple events and becomes pathological in a purely elastic-brittle model. In addition, tectonic loading between events results in a steady increase in normal stress on a compressive segment. As argued by Nielsen and Knopoff [1998] , it is necessary to take into account the broadscale deformation in the vicinity of the fault to avoid this pathological situation around a fault bend. Such factors may include folding, erosion and secondary faulting [Andrews, 1989] , and must be taken into account to evaluate the influence of nonplanar fault geometry on repeated earthquake ruptures.
[7] In this paper, we model in 2-D the multicycle dynamics of a strike-slip fault with a bend embedded in a homogenous whole space. We use a linear viscoelastic model similar to Nielsen and Knopoff [1998] to relax stress around the fault bend between events. We give particular attention to the model's behavior over multiple earthquake cycles and to dynamic features in typical events.
Method

A Linear Viscoelastic Model for the Interseismic Period
[8] In this study, the effects of off-fault deformations on the fault stresses are parameterized by a viscosity in a linear viscoelastic model for the interseismic period. This model is similar to that of Nielsen and Knopoff [1998] . A Maxwell viscoelastic model has been commonly used in geological applications. In this model, a spring, which represents the elastic component of the model and a dashpot, which represents the viscous component of the model, are in series [see Jaeger, 1962, p.102; Lockett, 1972, p. 34] . The stress and strain in such a model can be written as [Lockett, 1972, p 34] 
where the subscript e represents the elastic component and v represents the viscous component.
[9] For pure shear loading, the constitutive relations can be written as
where m is shear modulus, h is the viscosity, and the overdot denotes the time derivative. Taking the derivative of equation (2) and using equations (1), (3), and (4), we arrive at
Equation (5) represents the constitutive relation for the Maxwell viscoelastic model.
[10] As a first-order approximation, the strain rate e can be considered as a constant during the interseismic period. Let stress at a point on the fault be s 0 just after an earthquake rupture, and set this moment as the origin time t = 0. Stress at the point at a given time t during the interseismic period is given by the solution of equation (5):
Of the two terms on the right-hand side of equation (6), the first corresponds to stress relaxation, which is characterized by the time constant h/m. The second term corresponds to loading due to the constant strain rate.
[11] Resolving stress (6) onto normal and shear directions of a fault segment, we arrive at
where g n and g t are strain rates resolved onto normal and shear directions of the fault segment plane, respectively. By tensor analysis, we have
where q is the angle between the strike of the fault segment and shear loading direction.
[12] In addition to the tectonic loading, gravity is also a source of stresses on a fault surface. The fault model shown in Figure 1 is assumed to be buried at a certain depth. An equilibrium (ambient) normal stress resulting from the lithostatic stress contributes to the total normal stress on the fault. We assume that this ambient normal stress s a is not relaxed. Then, the total normal stress on the fault segment is
Using equation (10), the total normal stress during the interseismic period becomes
B03304 DUAN AND OGLESBY: MULTICYCLE DYNAMICS OF NONPLANAR FAULT Equations (8) and (11) will be used to evaluate shear and normal stresses on the fault during the interseismic period. They are similar to equations used by Nielsen and Knopoff [1998] , with the addition of an ambient stress term in equation (11) . Note that the shear and normal stresses tend asymptotically toward the values hg t and hg n + s a , respectively. In a later section of this paper, we will show that these limit values determine how a stress component at a point on the fault varies during the interseismic period from an initial value left by the previous event.
[13] The above linear viscoelastic model for evaluation of stresses on the fault subject to a constant tectonic loading during the interseismic process is a very simplified model. This simplified model, based on a simple model of dashpots and springs, is consistent with a rigorous stress analysis based on the correspondence principle for short loading times [Lee, 1955] . It should be noted that we assume, in this simplified model, that there is no creep on the fault during the interseismic period and the medium in the model is subject to pure shear loading. Thus, in the interseismic period, the fault does not manifest itself, and the deformation in the medium is pure shear. As a first-order approximation, we use the above linear viscoelastic model to evaluate the fault stress during the interseismic period, which is a combined result of the tectonic loading, viscoelastic relaxation due to off-fault deformation, and previous earthquakes. In this manner, we can track the fault stress evolution over multiple earthquake cycles and examine the long-term effects of nonplanar fault geometry, in particular the residual stress from the previous earthquakes, on the dynamics of such faults. It should also be noted that the above viscoelastic method is used only in the interseismic period. A full elastodynamic solution, with linearly elastic material properties, is used to model the coseismic process, as detailed below.
Dynamic Simulation Method
[14] A 2-D version of DYNA3D [Whirley and Engelman, 1993; Oglesby, 1999 ] is used to model the dynamics of the earthquake rupture process. An explicit finite element code DYNA3D has been used to model fault dynamics and wave propagation in many previous studies [e.g., Oglesby et al., 2000; Oglesby and Day, 2001a, 2001b; Oglesby and Archuleta, 2003 ]. An advantage of the finite element method is that it can handle complex fault geometry. The fault boundary is implemented by a traction-at-split node (TSN) scheme [Andrews, 1999] in this code. [15] During the dynamic rupture process, a local Coulomb fracture criterion is used:
where s t , s y , and s N are the shear stress, the yield stress (the shear strength), and the normal stress at a point on the fault, respectively; f s is the static coefficient of friction. A slip weakening friction law [Ida, 1972; Palmer and Rice, 1973; Andrews, 1976; Day, 1982] is applied on the fault when the equality in (12) is met. In this friction law, the static coefficient of friction drops linearly to the dynamic coefficient over a critical slip distance D 0 :
where f s and f d are the static and dynamic coefficients of friction, respectively. Du is slip on the fault, and H( ) is the Heaviside function.
Multiple Earthquake Cycle Simulation
[16] A homogeneous initial stress distribution on the fault prior to the first cycle is assumed. The fault then undergoes the interseismic process, which is controlled by the viscoelastic model. The stresses on the fault are calculated by equations (8) and (11). Nucleation of dynamic rupture is assumed to begin when a critical length of the fault exceeds its failure stress. This critical length is chosen to ensure that rupture can propagate spontaneously, and is related to stress drop and the critical slip-weakening distance D 0 [Day, 1982] .
[17] After the interseismic process results in rupture nucleation, the stresses on the fault output from the analytical loading and relaxation calculation are used as input for the dynamic finite element simulation. After the dynamic rupture events ends and the waves have propagated away, the numerical simulation is terminated. The frictional coefficient is reset to the static value and the first cycle is over. Starting with the residual stresses from the dynamic event, the viscoelastic interseismic process commences again, followed by a second event. The finite element mesh is reset to the original mesh before the simulation of the second event. This implies that there is no evolution of the fault geometry, which is a reasonable approximation for relatively a short time period on the geologic scale. The multicycle simulation is performed by repeating the above process as often as desired. Note that the nucleation location is a calculated result of the stress field on the fault, except for the first event in which the nucleation location is prescribed.
Model
[18] Figure 1 shows the modeled fault geometry with right-lateral tectonic loading and the finite element mesh for dynamic simulations. We consider a simple 2-D strike-slip fault with a bend (change in strike), although our method can in principle be used to model 3-D faults with arbitrary geometry. The fault is embedded in a homogeneous whole space, and is loaded by a steady tectonic loading in the right-lateral sense. The bend is halfway down the fault along strike, dividing the fault into two segments. The left segment is parallel to the loading direction, while the right segment is compressed by the loading. Therefore the left segment is more favorable for rupture and slip than the right one. Note that we define the bend angle as the difference between the strikes of the two segments. The segments on either side of the bend are 20 km long. The distance along strike is denoted relative to the left end of the fault. The whole fault length is 40.5 km. The two walls of the fault are defined as the inward wall, with an angle of less than 180°between two segments, and the outward wall, with an angle of larger than 180°between two segments, respectively. Figure 1b shows the model region with the finite element mesh. The element size on the fault is uniform with a value of 500 m. This model region is surrounded by a much larger buffer region to prevent artificial boundary reflections from traveling back to the model region within the dynamic simulation time. In this study, we assume fault geometry does not change with time, and we apply very high normal stress to pin the fault at both ends. As we use a TSN (traction-at-split node) scheme [Andrews, 1999] to deal with fault boundary conditions in our dynamic code, we need to explicitly specify the normal direction of nodes. To avoid the conflict in the normal direction of one node if it connects two noncoplanar straight segments, we introduce one bend element along the fault as shown in Figure 1c . The two end nodes of the bend element belong to two straight segments in terms of their normal directions, respectively, while the normal direction of the bend element is in between.
[19] The model parameters are summarized in Table 1 . Although we vary the bend angle, we will focus on the results for the case of a 20°change in strike. We choose a loading rate of 1.0 mrad/yr, which is on the order of strain rate observed across the currently locked northern and southern sections of the San Andreas Fault [Thatcher, 1990] . An ambient stress of 50 MPa is used in this study, corresponding to the lithostatic load minus the pore pressure. This equilibrium stress is also the initial normal stress on the fault for multiearthquake cycle simulation. The initial shear stress for the first cycle of each multicycle sequence is set to be 0, except for a value of 5 MPa over the critical nucleation length in the middle of the left segment to serve as the nucleation zone for the first earthquake. Because the fault first undergoes the interseismic period, the stress just before the first event will be the regional stress field from Initial shear stress over the critical nucleation length in the middle of the left segment is 5 MPa during the first event in the sequence. It is not used thereafter.
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[20] The viscosity is the least constrained parameter in our model. Larger viscosity will result in less stress relaxation, and a very large viscosity may not allow sufficient stress relaxation around the bend and the compressive segment. Also, a limit for the smallest allowable viscosity in the model is imposed by the given values of the loading rate, ambient stress and static frictional coefficient. From inequality (12), we know that the fault cannot fail until the shear stress reaches the failure level. Substituting the limit values of shear and normal stresses on the left segment into inequality (12), we arrive at
Given the values of parameters on the right-hand side of inequality (14) as shown in Table 1 , the minimum viscosity for earthquakes to occur on the fault is 1.167 Â 10 21 Pa s. We choose four different viscosities of 1.2, 1.6, 2.0, and 2.4 Â 10 21 Pa s to explore possible multicycle dynamic behaviors of the fault. Note that the viscosity in our model is a parameter to characterize the effects of off-fault deformations on the fault stresses. The above values of viscosity do not necessarily represent the actual viscosity of the rocks.
[21] The values for shear modulus, Poisson's ratio, and density are generic for typical midcrustal rocks. The time constant for the given shear modulus and the viscosity of 2.0 Â 10 21 Pa s is about 2110 years. The values of frictional coefficients in Table 1 will produce a static stress drop of approximately 7.5 MPa over most of the left segment.
Since we use an element size of 500 m on the fault, a D 0 value of 0.8 m is chosen to ensure there are several elements within the cohesive zone of rupture propagation. A critical nucleation length of 2 km is determined through trial simulations. Note that frictional coefficients and D 0 are spatially uniform on the fault. Also note that there is no creep in the fault models. Thus the heterogeneity in stresses will result exclusively from the effect of nonplanar fault geometry.
Results
Stress Evolution Without Stress Relaxation on the Fault With a 20°Bend
[22] To test the effect of viscoelasticity, we first perform a multiple cycle simulation on the fault with a bend angle of 20°without stress relaxation. In other words, we do not use the viscoelastic model to calculate stress during the interseismic period. Instead, a linear elastic model is applied with the constant strain rate in Table 1 . In this case, the normal and shear stresses on a fault segment for the interseismic period are calculated as follows:
[23] Figure 2 shows the yield and shear stresses after events 1-8. The yield stress is the product of frictional coefficient and normal stress as given in equation (12). The Figure 2 . Shear stress (solid) and yield stress (dashed) on the fault with a 20°bend after events 1 -8 without stress relaxation between events. When a point on the fault fails, yield stress drops to the shear stress level. Yield stress is a proxy for normal stress. Stresses around the bend and on the right segment build up monotonically over multiple events.
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[24] In this purely elastic model, the normal and shear stresses build up on the right segment over multiple earthquake cycles, because of its nonparallel orientation with respect to the regional loading direction. A more striking feature in Figure 2 is a trough and a peak in stress on the left and right sides of the bend, respectively. The amplitude of the trough and the peak builds up over multiple earthquake events. The normal stress variations induced during the slip process play a key role here. As expected from the fault geometry, slip on the left segment increases the normal stress on the right side of the bend, while the slip on the right segment decreases the normal stress on the left side of the bend. In this sense, hereafter we will often refer to these two sides as the compressive and dilatational sides, respectively. These variations in normal stress around the bend are displayed in Figure 3 , which plots the normal stress on the fault before and after the fifth event. The normal stress variations are significant over several km on the either side of the bend and very large near the bend. The corresponding trough and peak in shear stress in Figure 2 are the consequences of the above normal stress variations and the partial stress drop in dynamic rupture.
[25] One implication of this purely elastic-brittle multicycle model is that the stress field on the fault significantly departs from the regional stress field resolved on the fault segments after even one earthquake event that ruptures the bend. This also holds true in the viscoelastic multicycle model shown in the following subsections. This observation may indicate a regional stress field is inappropriate around a bend for dynamic simulations, as most active faults have experienced multiple earthquake events.
[26] The consequence of stress buildup around the bend over multiple earthquake cycles is that stresses become pathological in this purely elastic-brittle model. In the seventh event, the normal stress approaches zero on the dilatational side of the bend. During the eighth event, the normal stress at this location changes sign, indicating fault opening. We believe that this unrealistic effect is an indicator of invalid assumptions in the purely elastic-brittle model. Also, the material in the crust cannot support unlimited stresses. Therefore the unlimited stresses at the compressive side over multiple cycles are similarly unrealistic. As discussed in the introduction, the stresses around the bend and on the right segment must be relaxed through some mechanism. In the next subsection, we will show that the viscoelastic model for the interseismic process can remove the pathological stresses, and allow the fault to develop a relatively steady state after a number of events. However, we emphasize again that the viscoelastic method is a means of approximating the effects of off-fault deformation in a simple form that is straightforward to parameterize and model.
Stress Evolution and Event Pattern With Viscoelastic Stress Relaxation on a Fault With a 20°Bend
[27] Figure 4 shows stress evolution on the fault over 30 earthquake cycles with a viscosity of 2.0 Â 10 21 Pa s in the viscoelastic model for the interseismic period. Once again, the rupture length in an individual event is indicated by the yield stress dropping. The most predominat feature in Figure 4 is that with stress relaxation between events, a relatively steady state develops on the fault after a number of cycles (say, after twelve cycles), in which stresses and event patterns on the fault are relatively stable. In the steady state, an alternating event pattern is observed, with one event that ruptures only the left segment, and a subsequent event that ruptures the left segment and part of or the entire Figure 3 . Normal stress on the fault before (dotted) and after (solid) the fifth event in Figure 2 . Normal stress decreases on the left side and increases on the right side of the bend during dynamic rupture.
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[28] It is also seen from Figure 4 that the events that rupture the entire (or almost entire) fault are quasiperiodic, and the events have predictable cycles. If the two adjacent events that rupture the entire (or almost entire) fault define a characteristic cycle of earthquakes, we find that the characteristic cycle often includes four events as shown by events 13 -16, 23 -26, and 27 -30 , and can comprise six events as shown by events 17 -22. This holds true for the remaining 70 events as we continue the simulation to the 100th event. From the 31st to 100th event (not shown), we find that there are 15 characteristic cycles, with 11 including four events and the remaining 4 containing six events. With the loading rate of 1.0 mrad/yr in this simulation, the recurrence time between two events varies from 510 years to 590 years in the steady state, with an average of 550 years. Thus the recurrence time of the events that rupture only the left segment is 1100 years, and the recurrence time of the events that rupture the entire (or almost entire) fault is 2200 years for the characteristic cycle including four events and 3300 years for the characteristic cycle containing six events. Recalling that the time constant for the given shear modulus and viscosity is about 2110 years, the right segment experiences a much more complete relaxation between events than the left segment, indicating a much greater Figure 4 . Shear stress (solid) and yield stress (dotted) on the fault with a 20°bend after events 1 -30 with a viscosity of 2 Â 10 21 Pa s. Yield stress drops to shear stress level when a point fails. In the long term, a steady state develops on the fault in which a stable event pattern and a stable stress level are observed.
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[29] A comparison between Figures 4 and 2 shows that the viscoelastic model for the interseismic period can stabilize the stresses on the bent fault. This implies that the stress changes around the bend in the interseismic period are opposite to those in the dynamic rupture. Figure 5 shows the normal and shear stress changes during the interseismic period between the 29th and 30th events. By comparing Figure 5a to Figure 3 , an opposite pattern in normal stress change between the interseismic process and the dynamic process is observed, leading to a relaxation of the stress peak and trough around the bend.
[30] Also shown in Figure 5 is limit level of stresses that would be reached by the fault at infinite time in the absence of an earthquake event. The limit level is calculated from equation (11) and (8). During the interseismic period, the stresses change toward the limit level, so the limit level at a point determines whether the stress increases or decreases there. The shear stress increases on the left segment in this fault system, but decreases on the right segment. The normal stress change is significant in the neighborhood of the bend and is small elsewhere. Large changes in both shear and normal stresses on the right (compressive) segment imply that a great deal of tectonic loading is accommodated by off-fault deformation around this segment.
[31] The sequence of slip distributions on the fault in Figure 6 also illustrates the alternating event pattern and quasiperiodic characteristic cycles after the fault reaches the steady state. In the single-segment events, which are basically events on a planar fault, the spatial distribution of slip is elliptical on that segment, and the displacement of two walls is symmetric. In the two-segment events, slip on the left segment is larger than on the right segment, and the displacement on the inward wall is larger than on the outward wall.
Dynamic Features of the Fault With a 20°Bend in the Steady State
[32] As discussed above, the stress field around the bend no longer equals the regional stress field after even a single earthquake on the fault. The residual stress from previous earthquakes on such faults can have significant effects on the coseismic rupture process, including the initiation, propagation, and termination of rupture, the slip and slip velocity distribution on the fault, and the stress drop. In this section, we will examine the rupture and slip processes on the fault in typical events 28, 29 and 30 after the steady state is reached. 4.3.1. Rupture Process: Initiation, Termination, Rupture Velocity, and Time Delay
[33] The parameter S has been used to characterize the relative fault strength in dynamic modeling [e.g., Das and Aki, 1977; Day, 1982] . S is defined as
where s y 0 , s t 0 , and s t f are the initial yield stress, the initial shear stress, and the sliding frictional stress on the fault for a dynamic event, respectively. Here we use final sliding friction stress for s t f , as it changes temporally because of the nonplanar fault geometry and consequent variability in normal stress. The numerator in (17) is known as the strength excess. A low positive S represents a weak fault segment, facilitating rupture propagation over that segment, whereas a high positive S represents a strong fault segment, unfavorable for rupture propagation. S on the fault for the 28th, 29th and 30th events is shown in Figure 7b . We do not calculate S for the points that do not fail in that event (e.g., the part of and the entire right segment in 28th and 29th events, respectively). S can be negative if the denominator in (17) is negative, as shown in 28th and 30th events. For clarity, the strength excess is also plotted in Figure 7c .
[34] Rupture processes in the three events are shown in Figure 7a , which plots the rupture time versus the distance along strike. A prominent common feature in all three events is that the ruptures always initiate just to the left of the bend, on its dilatational side. This holds true for all events in the steady state. This preferred initiation location for rupture on the bent fault appears to be a consequence of the low normal and yield stresses there, induced by previous events (Figures 3 and 4) . ) shear stress on the fault before (dotted) and after (solid) the interseismic period between the 29th and 30th events in Figure 4 . The limit values (dash-dotted) are the stresses that would be reached by the fault at infinite time in the absence of an earthquake event. Note that stresses change toward the limit values during the interseismic period. Stress can be either built up or relaxed.
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[35] Rupture first propagates leftward and quickly accelerates to super-shear speed. Figure 7b shows that S is relatively constant and very small (around 0.1) on the entire left segment. This small value of S is within the range of super-shear rupture, as suggested by previous studies [e.g., Andrews, 1976; Day, 1982] . Rupture velocity approaches the P wave speed as rupture propagates farther left with this small S.
[36] Rupture can propagate onto the right segment in the 28th and 30th events, whereas it cannot break the bend in the 29th event. Obviously, the bend serves as a termination point for rupture in the 29th event. Thus the 29th event is a unilateral rupture, while the other two events are bilateral events. Rupture on the compressive (right) side of the bend is delayed several seconds relative to the dilatational (left) side in the two bilateral events. The explanation for this time delay is that a certain amount of slip on the left segment is required to raise shear stress on the right side of the bend to reach the failure level.
[37] Rupture velocity on the right segment is sub-Rayleigh in both bilateral events, except for a small rupture jump in the 30th event. The slow rupture on this segment correlates with large strength excess on most of the right segment in these events. Rupture dies out spontaneously on the right segment at approximately 32 km in the 28th event. In the 30th event, rupture slows down after it breaks the bend and starts to die on the right segment. However, a low positive S (and strength excess) beyond 30 km results in a rupture jump after the rupture stops for a few seconds. The ongoing slip over the slipping portion finally raises the shear stress to failure at this location. A positive static stress drop at the location allows rupture to resume. A second trough in S (still with a positive value) near the right edge of the fault facilitates rupture propagation to the right end of the fault. Figure 1 . Displacement of the inward wall (dot-dashed line) is larger than that of the outward wall (dashed line) for events that rupture across the bend, while displacement of two walls is symmetric for events that only rupture the left segment. [38] The complex rupture pattern on the right segment in the 30th event suggests that the earthquake rupture is very sensitive to the stress level ahead of the rupture front. Arrest of rupture beyond the 30 km in the 28th event produces stress heterogeneity at this location, which plays a critical role in rupture propagation on the right segment in the 30th event. This example demonstrates that effects of the previous events can be crucial in determining the evolution of rupture and slip in an earthquake.
Stress Drop, Slip, and Slip Velocity on the Fault
[39] Figures 7d, 7e , and 7f show stress drop, peak slip velocity, and slip on the fault for the three events, respectively. The displacement of the two walls along the fault is also displayed in Figure 7f . The static stress drop is Figure 7 . Distribution of variables on the fault in three typical events: (a) time for rupture, (b) relative strength S, (c) strength excess, (d) static (solid) and breakdown (dotted) stress drop, (e) peak slip velocity, and (f) slip. Also displacement of two walls (defined in Figure 1 ) along fault is shown in Figure 7f . P, S, and Rayleigh (R) wave speeds are given in Figure 7a for reference. See text for details.
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[40] The 29th event (the middle column) is a unilateral event that only ruptures the left segment. As expected, this event produces behavior typical of a planar fault that comprises only the left segment. The features on this planar fault include (1) a linear relationship between the static and breakdown stress drop, due to no changes in normal stress on the planar fault in an event; (2) elliptical slip distribution with a maximum near the middle of the fault segment; (3) symmetric displacements between two walls; and (4) an increase in peak slip velocity along the rupture propagation direction due to directivity. In this event, we do not calculate the breakdown stress drop on the right segment, which does not fail. There is a large stress buildup on the right side of the bend after this event, which is indicated by a large negative static stress drop in Figure 7d . This buildup of shear stress will facilitate failure of the bend in the subsequent event.
[41] The bend manifests itself in both bilateral events (28 and 30, left and right columns). First, the linear relationship between the static and breakdown stress drop fails around the bend, because of changes in normal stress there. A maximum static stress drop occurs immediately to the left of the bend on the dilatational side, because of a significant reduction in normal stress at this location during the events. However, there is a minimum breakdown stress drop at this location, due to the low yield stress level. On the other hand, a maximum breakdown stress drop is observed immediately to the right of the bend on the compressive side, because of the high yield stress level there. Indeed, the breakdown stress drop is large over the entire right segment for same reason, even though the static stress drop is small, and even negative in some locations. As discussed above, the two positive peaks in static stress drop on the right segment in the 30th event allow rupture to propagate to the right end of the fault.
[42] Slip distribution on the fault in the two bilateral events is asymmetric between the two segments. The right segment, which is less favorable for rupture, has less slip than the left segment. The maximum slip migrates to the left from the middle of the fault, where it would be on a planar fault with homogenous stress. Displacement on the two walls is also no longer symmetric in the two bilateral events. Displacement on the inward wall is larger than that on the outward wall.
[43] A striking feature in peak slip velocity (Figure 7e ) on the fault in the two bilateral events is a peak immediately to the right of the bend on the compressive side. This peak appears to correlate with the peak in breakdown stress drop at this location. The other two peaks in peak slip velocity on the right segment in the 30th event correlate with the two peaks in the static stress drop.
Slip Process on the Fault in the 30th Event
[44] To examine effects of normal stress changes in the neighborhood of the bend and rupture propagation on slip process on the fault, we plot slip velocity histories of 4 points in the 30th event in Figure 8 . They are denoted by the distance along the strike from the left end of the fault (see Figure 1) . Because of one bend element from 20 to 20.5 km, the points labeled as 19.5 and 21 km are equally distant from the bend on the dilatational (left) and compressive (right) side of the bend. The first peak in slip velocity of the 19.5 km point corresponds to the initiation of the rupture. Rupture quickly propagates to the left, and directivity results in a large peak in slip velocity of the 10 km point. Figure 7 . The four points are labeled by their distances along strike from the left end. The failure of the compressive side (21 km) of the bend causes a reduction in normal stress and then more slip (the second peak in velocity) on the dilatational side (19.5 km). The point of 30.5 km appears to experience two ruptures with a several second gap in between.
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After several seconds of initiation of rupture, the bend fails and produces a peak in slip velocity on the 21 km point. The slip on the compressive side (e.g., the 21 km point) appears to induce more slip on the dilatational side (e.g., the 19.5 km point), which is illustrated by the second peak in slip velocity on the 19.5 km point. The above induced slip on the 19.5 km point causes an increase in normal stress on the compressive side, which results in the slip velocity dropping to a low value quickly from a high peak at the 21 km point.
[45] The two peaks in slip velocity at the 30.5 km point with a zero slip velocity in between are clearly the consequences of the complex rupture processes on the right segment in the 30th event, as discussed in section 4.3.1. The point appears to experience two separate ruptures. The point first ruptures when the main rupture front propagates to this point from the left, then it heals as the rupture front subsequently dies out. After a few seconds, a second rupture front propagates to the 30.5 km point from the right and it ruptures again.
Results From Different Viscosities on the Fault With a 20°Bend
[46] Various viscosities (see Table 1 ) are used on the above 20°bent fault to examine effects of viscosity on the fault behavior over multiple cycles. In addition to the value of 2.0 Â 10 21 Pa s used in section 4.3, we test values of 1.2, 1.6, and 2.4 Â 10 21 Pa s. In these simulations, other parameters are the same as the above simulation. Overall, we find that the fault still develops a steady state after a few events with these viscosities. As above, the dilatational side of the bend is always the nucleation point in events after the fault evolves a steady state. However, the event pattern is different in the steady state for different viscosities. A viscosity of 1.2 Â 10 21 Pa s results in rupture never propagating on the right segment and the fault behaves as a planar fault that only comprises the left segment. Results from this simulation are omitted here for brevity. Figure 9 shows the stress after events 26 -30 for viscosities of 1.6 and 2.4 Â 10 21 Pa s. In the case of a viscosity of 1.6 Â 10 21 Pa s (Figure 9a ), the right segment of the fault only partially fails. An event with short rupture length on the right segment is followed by a subsequent event with slightly longer rupture length on the right segment. In the case of a viscosity of 2.4 Â 10 21 Pa s (Figure 9b ), the fault develops an alternating event pattern with one event only rupturing the left segment, and a subsequent event rupturing the entire fault. In this case, the fault is close to opening (normal stress approaching zero) on the dilatational (left) side of the bend in bilateral events, indicating this viscosity may be approaching an upper limit value to avoid a pathological stress on the fault.
[47] It is seen from Figure 9 that the viscosity in the models has a significant effect on the stress level in the neighborhood of the bend and on the right segment. Lower viscosity results in a lower stress level on the right segment. Recall that the viscosity in the models is a parameter to characterize the effects of off-fault deformation on the fault stresses. A lower viscosity corresponds to a higher rate of off-fault deformations, which absorbs more tectonic loading and results in more stress relaxation on the fault.
[48] The viscosity is probably the least constrained parameter in our models. However, the above tests with different viscosities show that the viscosity allowable for a bent fault to rupture both segments and behave reasonably over multiple earthquake cycles is limited to a small range, given other reasonable parameters in the models. The range of viscosity for the above bent fault appears to be from 1.2 Â 10 21 to 2.4 Â 10 21 Pa s, as the former value results in no failure of the right segment, and the latter one induces a tendency toward pathological stress. 
Results From Different Bend Angles
[49] To examine the effects of the bend angle, we perform a series of simulations on faults with bend angles of 10°, 15°, and 25°, in addition to the above 20°model. [50] Different stable event patterns develop on faults with different bend angles. A 10°bend appears not to be a termination point, leading to a sequence of identical bilateral earthquakes on this fault. The fault with a 15°bend develops a steady state in which one unilateral event (rupturing only the left segment) is followed by three bilateral events rupturing the entire or almost entire fault. After a steady state is developed on the fault with a 25°b end, one unilateral event (rupturing only the left segment) is followed by one event rupturing a small portion of the right segment as well as the entire left segment. A comparison of the 28th and 30th events on this fault shows that a peak in shear stress left by a shorter rupture in the 28th event facilitates a longer rupture in the 30th event. Once again, we find that the dilatational side of the bend is always the nucleation point after the development of steady state. As shown in Figure 11 , asymmetric displacement between the two sides of the fault is seen on all faults for events in which the bend is ruptured.
Discussion
[51] As noted by Tada and Yamashita [1996] , in the context of the boundary integral equation method, a smooth curve and an abrupt bend are not equivalent in 2-D in-plane shear crack mechanics. This difference is due to the different behaviors of the integration kernels for the two cases. Referring to their definitions, the bend in the present study is an abrupt bend, which is effectively smoothed over one discretization interval (Figure 1c ). This type of bend has been a subject of previous studies [e.g., Bouchon and Streiff, 1997; Aochi et al., 2000] . Field observations [e.g., Aydin and Du, 1995] and physical theory [e.g., Andrews, 1989] show that the deformation around a bend is complex and may be accommodated on a fractal array of subfaults around the bend. For simplicity, we ignore these complications (other than to account for them by proxy in our viscoelastic loading and relaxation method), and merely assume a sharp bend in the fault. Nevertheless, we acknowledge that the results in our models are limited to the abrupt bends defined by Tada and Yamashita [1996] .
[52] By introducing a viscoelastic model for the interseismic process, we find that a fault with a bend can develop a steady state over multiple earthquake cycles. In the steady state, the stress level on the fault is stable, and a relatively stable event pattern is observed on the fault. This result is consistent with the quasi-static analysis of Nielsen and Knopoff [1998] , in that aseismic stress relaxation can avoid pathological situations near a fault bend, and can allow the fault to exhibit a relatively stable behavior over repeated ruptures.
[53] The variations in normal stress around a fault bend play a critical role in rupture propagation. The decrease in normal stress on the dilatational side results in a low yield stress level after several events. Therefore the dilatational side can act as a nucleation point for earthquake ruptures. The increase in normal stress on the compressive side can inhibit rupture. In bilateral events, a time delay of several seconds for rupture propagation around the bend is observed in our models. These results are consistent with observations reviewed by King and Nabelek [1985] . They reviewed eight events in which the initiation and/or termination were associated with fault bends. Some of these events were unilateral, while others were bilateral. Most events nucleated around a bend, and some of them evidently terminated around a bend. A time delay of several seconds was observed in some bilateral events. The recent 1999 Izmit, Turkey, earthquake also illustrated the role of a fault bend in termination of rupture to the east. All these phenomena can be explained by the nonplanar fault geometry. We remark that the dilatational side of a bend is not necessarily a unique nucleation location on a bent fault. In our present models, the bend is the only source of heterogeneity. However, if there is a creeping segment or other complexity in a fault system, the rupture could nucleate at locations other than the dilatational side of a bend. For example, the 1857 Fort Tejon, California, earthquake on the San Andreas Fault probably nucleated near the transition zone between a creeping segment and a stick-slip segment.
[54] In bilateral events, the variations in normal stress after the bend fails have significant effects on the slip process in the neighborhood of the bend. An increase in normal stress on the compressive side can reduce the slip velocity quickly to a low value. A reduction in normal stress on the dilatational side results in more slip than would be seen in the absence of this variation in normal stress. This may provide a physical explanation why a larger slip has been observed on the dilatational side than that on the compressive side of fault bends. Acharya [1997] showed that maximum slip occurred near a major change in the fault strike in the great 1906 and 1857 earthquakes on the San Andreas Fault. Although he noticed that slip in both events was higher on the north (dilatational side) of the bend than on the south (compressive side) of it, he appeared simply to ascribe larger slip to greater resistance to movement. He argued that the additional energy, which may be manifested as greater displacement, is needed to overcome greater frictional resistance. However, our dynamic models above show that resistance (strength/normal stress) is much lower on the dilatational side of the bend than on the compressive side. Our models show that it is the reduction in normal stress on the dilatational side of the bend, due to slip on the compressive side, that results in larger slip at the former location. The increase in normal stress at the latter location suppresses slip there, because of slip at the former one. Thus the slip near the bend is seen to be a result of a complex two-way interaction between the fault segments as well as static prestress field.
[55] Asymmetric displacement between the two walls of a bent fault is expected from an elastostatic solution [Davis and Knopoff, 1991] , and may be amplified by wave interactions on the inward wall. Aydin and Du [1995] reported more fracturing in the inward wall (the hanging wall in their paper) of a compressional fault bend relative to the outward wall (the footwall in their paper) in the 1992 Landers earthquake. The effects of nonplanar fault geometry shown in our models may be an important factor for this observation.
[56] A large peak slip velocity on the compressive side of a bend may have implications for seismic hazard analysis. If rupture nucleates farther from a bend and propagates toward the bend as indicated in the 1857 Fort Tejon earthquake on the San Andreas Fault, the peak slip velocity at this location could be significantly larger than that shown in our models, by adding in the rupture directivity effect. To test this, we perform a dynamic simulation using the same parameters and initial stresses as the 30th event in Figure 7 , except we artificially nucleate rupture at the left end of the fault. Figure 12 shows the peak slip velocity on the fault in this simulation. The result from Figure 7 is reproduced here for comparison. It is clear that rupture directivity results in an even larger peak slip rate on the compressive side of the bend. There is no obvious time delay in rupture around the bend in this case, presumably because of high energy release in the rupture front.
[57] The high stress concentration at the compressive side of a bend may result in a higher rate of off-fault deformation nearby, as implied by the large reduction in normal stress at this location in Figure 5 . Brown [1990] reported a high rate of Quaternary faulting, folding, and uplifting in the western Transverse Range in California. He ascribed this to late pulses of accelerated tectonic activity that are still underway. We speculate that this high rate may also have a contribution from the high stress concentration on the compressive side of the Big Bend on the San Andreas Fault. Further, we speculate that the high-elevation topography south of the Big Bend and the low terrain north of it may be due to high stress concentration and low stress levels at the corresponding locations.
Conclusion
[58] With a viscoelastic model for the interseismic period, a fault with a bend develops a steady state over multiple earthquake cycles, in which a stable stress level and a quasiperiodic event pattern on faults are observed. Variations in normal stress near the bend in the previous events result in the bend serving as a nucleation point and/or a termination point for rupture. Reduced normal stress at the dilatational side of the bend leads to increased slip at this location. A large slip velocity on the compressive side of the bend is observed in the models, which could result in very strong ground motions nearby. Although viscosity is the least constrained parameter in our models, the range of viscosity is small to allow faults with a bend to rupture both segments and behave reasonably in the long term, given other reasonable parameters in the models.
[59] Stresses on a fault with complex fault geometry after multiple events are no longer simply the regional stress field resolved on different fault segments. The effects of previous events must be taken into account to capture many features of earthquakes on these fault systems. More dynamic modeling studies are needed to better understand the effects of nonplanar fault geometry on the dynamics of fault systems, such as faults with multiple bends, branches, stopovers and their combinations. As complexity of geometry goes up, complexity in earthquake history may also go up. This is the subject of ongoing work. Figure 12 . Effect of rupture directivity on peak slip velocity on the right side of the bend on the fault with a 20°b end. Rupture directivity enhances the peak slip velocity on the right side of the bend significantly.
